A single method for confirmation and quantitation of a panel of commonly prescribed benzodiazepines and metabolites, α α-hydroxyalprazolam, α α-hydroxyethylflurazepam, α α-hydroxytriazolam, alprazolam, desalkylflurazepam, diazepam, lorazepam, midazolam, nordiazepam, oxazepam, temazepam, clonazepam, and 7-aminoclonazepam, was developed for three specimen types, urine, serum/plasma, and meconium. Quantitation was by liquid chromatography tandem-mass spectrometry (LC-MS-MS) using a Waters Alliance-Quattro Micro system. The instrument was operated in multiple reaction monitoring mode with an electrospray ionization source in positive ionization mode. The method was evaluated for recovery, imprecision, linearity, analytical measurement range, specificity, and carryover. Average recovery and imprecision (within-run, between-run, and total % CV) were within ± 15% of the target concentrations for urine (10 to 5000 ng/mL) and serum/plasma (10 to 2500 ng/mL) and within ± 20% for meconium (10 to 5000 ng/g). In all, 205 patient specimens were analyzed, and the results compared to a previous in-house gas chromatography-MS method or LC-MS-MS results from an outside laboratory. Oxazepam glucuronide was evaluated as a hydrolysis control for the urine and meconium specimens.
Introduction
Benzodiazepines are a schedule IV class of psychotropic drugs prescribed for their sedative, anxiolytic, and anticonvulsant properties. Indeed, of the top 200 generic drugs ranked by number of prescriptions written in 2006 (1), five were benzodiazepines: alprazolam was ranked number 7, lorazepam 17, clonazepam 23, diazepam 41, and temazepam 60. Physiological and psychological dependence can lead to misuse and abuse.
The analytical method described here was designed to support medical (not forensic) purposes. The detection of benzodiazepines in urine is clinically important for compliance monitoring and identification of abuse. Quantitation in serum or plasma may help optimize chronic dosing, verify compliance, and identify changes in pharmacokinetics. Detection in meconium can identify neonates exposed to drugs during the prenatal period to guide treatment and improve outcomes for children exposed to drugs in utero. To operate at maximum efficiency and increase throughput, it was desirable to have a single method in our laboratory for the preparation and analysis of commonly used benzodiazepines and their metabolites of interest in clinical applications.
Urine is composed of over 95% water, plus sodium, ammonia, phosphate, sulfate, urea, creatinine, proteins, and products processed by the kidney and liver, including drugs and metabolites. Serum and plasma are over 90% water and also contain ions, dissolved gases, proteins, hormones, nutrients, and tissue products like creatinine, urea, and lactate, in addition to parent drugs and their metabolites. Meconium is a very complex sample matrix consisting of water, epithelial cells, lanugo, mucus, amniotic fluid, bile acids and salts, fatty material from the vernix caseosa, cholesterol and sterol precursors, blood group substances, enzymes, mucopolysaccharides, sugars, lipids, proteins, trace metals, various pancreatic and intestinal secretions, and drugs or other materials ingested by the mother (2) . These three specimen types have unique compositions that can lead to different analytical interferences.
Benzodiazepines are extensively metabolized. Many have common metabolites, and many of the metabolites are also prescribed drugs (3) . Most are eliminated to a considerable extent as a glucuronide conjugate. Enzyme hydrolysis of urine and meconium specimens to convert the analytes to their free form improves detection.
Numerous methods have been reported in the literature and consolidated in several review articles that describe the quantitation of benzodiazepines in urine or blood using liquid chromatography-tandem mass spectrometry (LC-MS-MS) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) , but no work on the analysis of benzodiazepines in meconium has been published. We have developed and validated a single method for the identification and quantitation of 13 benzodiazepines and metabolites in urine, serum/plasma, and meconium using LC-MS-MS: α-hydroxyalprazolam, 
Experimental Reagents and standards
All calibration standards and internal standards were of 99% purity and purchased from Cerilliant (Austin, TX). All solvents were reagent or HPLC grade and purchased from ThermoFisher Scientific (Waltham, MA) or VWR (West Chester, PA). Nanopure water was generated using a Barnstead Nanopure Infinity ultra-pure water system (Thermo-Fisher Scientific). Trace-B columns, 35 mg/3 mL, were supplied by SPEWare (San Pedro, CA). Plasma was obtained with potassium oxalate or sodium fluoride preservative. Serum was obtained without preservatives. Drug-free urine, serum, plasma, and meconium pools were prepared from excess patient specimens that tested negative by EMIT and LC-MS-MS and were used to prepare calibrators, controls, and fortified samples. Benzodiazepines were quantitated in residual patient specimens by GC-MS or another LC-MS-MS method, and the specimens were de-identified to protect personal health information.
Apparatus
Homogenation of the meconium specimens was performed with an Omni Tissuemiser Homogenizer (Thermo-Fisher Scientific). Solvent evaporation after initial sample preparation was achieved with a Jouan centrifugal vacuum evaporator (CVE) system, model RC10.10 (Thermo-Fisher Scientific). Extraction was performed on a 48-place Cerex positive pressure manifold (SPEWare). A CEREX 48-place sample concentrator station (SPEWare) was used for final solvent evaporation. Samples were eluted into max recovery autosampler vials (VWR).
Instrumental analysis
LC-MS-MS analysis was performed on a Waters/Micromass Quattro Micro LC-MS-MS system equipped with a Waters Alliance ® HT HPLC system (Milford, MA). The HPLC system included a solvent delivery/separation module, sample management system (autosampler), and column oven. The instrument was operated in multiple reaction monitoring (MRM) mode with an electrospray ionization (ESI) probe in positive ESI mode. The LC-MS-MS instrument was controlled from a desktop computer using Micromass MassLynx software. The MS source temperature was maintained at 120°C, and the desolvation temperature was 400°C with a nitrogen desolvation gas flow of 800 L/h. The resolution of both quadrupoles was maintained at unit mass resolution with a peak width at half height of 0.7 amu.
Methods

Sample preparation
Meconium (1.00 ± 0.02 g) was weighed into a 16 × 50-mm polypropylene tube, followed by the addition of 3 mL of methanol. Each meconium specimen was homogenized until uniform, then centrifuged at 14,000 rpm and 0°C for 15 min. The supernatant was transferred to 16 × 100-mm culture tubes and the solvent was evaporated to < 1 mL under vacuum in the CVE at 60°C. Urine specimens were prepared by measuring 1 mL of each specimen into a labeled culture tube. Serum and plasma specimens were prepared by measuring 1 mL of each specimen into a culture tube and adding 2 mL of 0.1 M sodium acetate buffered to pH 5.0. Calibrators (20, 50, and 200 ng/mL or ng/g) prepared in urine and meconium were prepared and extracted with each batch of patient specimens. Serum/plasma specimens were quantitated using the urine calibrators. Deuterated analogues were included as internal standards at 100 ng/mL or ng/g for all 13 analytes: 4 , and 7-aminoclonazepam-d 4. Matrix-matched positive controls containing all 13 analytes at 50 ng/mL or ng/g and negative controls containing only internal standard at 100 ng/mL or ng/g were prepared and extracted for all specimen types. Hydrolysis controls containing oxazepam glucuronide were included for the urine and meconium specimens. The fortified concentration for the oxazepam glucuronide control was 81 ng, which would yield 50 ng of oxazepam after hydrolysis. The extraction and analysis of the meconium concentrate continued with the appropriate solidphase extraction method that follows in the same manner as the urine, serum, and plasma specimens.
Hydrolysis and solid-phase extraction
Two milliliters of β-glucuronidase enzyme from bovine liver [5000 units/mL in 0.1 M sodium acetate buffer (pH 5.0)] was added to each urine and meconium sample. The samples were briefly vortex mixed, and then urine and meconium samples were incubated at 60°C for 2 h. All samples were then centrifuged at 3500 rpm and 0°C for 5 min. The samples were loaded onto the Trace-B columns at 4 drops per second. The samples were washed at 1 drop per second with 1 mL each of pH 9.0 sodium bicarbonate buffer, then water. The samples were dried on the columns using nitrogen at 25 psi for 10 min. The samples were then eluted into 2-mL max recovery autosampler vials with 1 mL 98:2 ethyl acetate/ammonium hydroxide. Samples were dried in the autosampler vials using the CEREX 48-place sample concentrator with nitrogen at 40°C for approximately 15 min. The residue was reconstituted in 200 µL 1:1 acetonitrile/water (150 µL for meconium samples), capped, vortex mixed, and analyzed by LC-MS-MS.
LC-MS-MS analysis
A Waters XTerra ® MS C 18 analytical column (3.5-µm particle size, 2.1 × 150 mm) was heated to a constant 30°C in the column heater. The LC flow was isocratic at 0.125 mL/min with 55% acetonitrile, 40% nanopure water, and 5% 100 mM ammonium formate buffer at pH 3.0. The ions monitored with the respective cone energy and collision voltage for all analytes are listed in Table I .
Method validation
The method was validated for recovery, imprecision, linearity, analytical measurement range, specificity, carryover, and ion suppression. Accuracy (recovery) was determined by analyzing samples fortified at 15 concentrations from the limit of determination (LOD) to the upper limit of quantitation (ULOQ). Two of each concentration were analyzed for urine and serum/plasma samples (n = 30 per analyte), one fortified sample was analyzed for the meconium specimens (n = 15 per analyte). The concentrations for urine and meconium samples were 10, 20, 25, 50, 75, 100, 150, 200, 300, 500, 1000, 1250, 1500, 2500, and 5000 ng/mL or ng/g. The concentrations for the serum/plasma samples were 10, 20, 50, 75, 100, 150, 200, 300, 400, 500, 750, 1000, 1250, 1500, and 2500 ng/mL.
Positive patient specimen results from this method were compared with the previous validated GC-MS method or an LC-MS-MS method at another certified laboratory. Correlation of results was determined using 205 residual patient specimens (which were de-identified prior to use to protect personal health information), many of which contained more than one benzodiazepine. Thus, the total number of data points for the patient specimen correlation was 337.
Linearity was determined from the same fortified sample data used for the accuracy determination. Average recovery, total imprecision, within-run imprecision, and between-run imprecision [% coefficients of variation (CV)] were determined by analyzing samples fortified with all 13 analytes and internal standards at the lower limit of quantitation (LLOQ) (20 ng/mL or ng/g), the high calibrator (200 ng/mL or ng/g), and the ULOQ (5000 ng/mL for urine, 2500 ng/mL for serum/plasma, and 5000 ng/g for meconium) in triplicate on three different days (nine samples per concentration for each specimen type). Fortified samples at 100,000 ng/mL or ng/g were used to determine carryover. LOD was the lowest concentration for which the analyte met all qualitative criteria for correct identification (retention time ± 2%, all monitored ions present with acceptable ion ratios) and the peak of interest had a signal-to-noise ratio that exceeded 3:1. LLOQ was defined as the lowest concentration which could be identified and quantitated, all qualitative criteria were met, and the peak of interest had a signal-to-noise ratio greater than 5:1. ULOQ was the highest concentration which could be identified and quantitated, all qualitative criteria were met, and the accuracy and imprecision were ± 15% for urine and serum/plasma and ± 20% for meconium. Analytical measurement range, linearity, recovery, and accuracy of the fortified samples required that all concentrations were within ± 15% of target concentration for urine and serum/plasma, and ± 20% for meconium, and all qualitative criteria were met. Linear regression data for the fortified samples had slopes that were between 0.85 and 1.15, the y-intercepts were less than the LLOQ, and the R 2 were greater than 0.99. Average recovery was the mean of all samples at a specific target concentration for each specimen type (nine results per concentration per analyte for each specimen type). Average within-run CV were determined from the average of the standard deviations for each day at each target concentration. Between-run CV were reported as the standard deviation of the average concentrations for each day at each target concentration. Total CV was the square root of the sum of the squares of the CV for within-run and between-run imprecision at each target concentration. Imprecision also required CV within ± 15% (± 20% for meconium), and concentrations within ± 15% (± 20% for meconium) of the target concentration. Ion mass ratios (IMR) were within ± 20% or better for all analytes and all specimen types.
Results and Discussion
The LOD for all analytes and all specimen types was 10 ng/mL or ng/g or less. The LLOQ for all analytes and specimen types was selected to be equal to two times the LOD (20 ng/mL or ng/g). The LOD of many of the analytes were below 10 ng/mL or ng/g. A blanket LOD of 10 ng/mL or ng/g and an LLOQ of 20 ng/mL or ng/g was validated for all analytes and all specimen types for continuity and ease of reporting. The ULOQ was 5000 ng/mL for urine, 2500 ng/mL for serum/plasma, and 5000 ng/g for meconium. Validated dilutions were up to 25-fold for serum/plasma and up to 50-fold for urine. Serum/plasma patient specimens and fortified samples were quantitated using calibrators prepared in urine. Data from the fortified samples and patient specimen correlation data demonstrate that the quantitation of serum/plasma specimens using urine calibrators was accurate and reliable. Urine was chosen as the matrix for the calibrators because the majority of specimens received in our laboratory are urine specimens. A plasma positive control fortified at 50 ng/mL was included with all batches. Urine and plasma positive controls were within ± 10% of the target concentration with %CV within 10% for all analytes, and all values were within two standard deviations of the mean during the time period data were collected (60 days). Accurate serum/plasma concentrations are important in therapeutic drug monitoring and pharmacokinetics. Serum or plasma specimens containing benzodiazepines at concentrations greater than 500 ng/mL are rarely seen in our laboratory, so the lower ULOQ for serum/plasma is well above the expected clin- ical range. Urine concentrations are often seen in excess of 5000 ng/mL; therefore, a dilution must be performed if accurate quantitation is required. A 50-fold dilution provides a clinically reportable range of 10-250,000 ng/mL for urine specimens. Meconium positive controls were also within ± 10% of the target concentration with %CV within 10% for all analytes. All values were within two standard deviations of the mean. Accurate concentrations in meconium have little clinical significance because the correlation between concentrations and details of drug use and exposure are not well defined. It is, however, clinically important to provide evidence of drug exposure to health care providers as soon as possible, so it is also important to have a fast, accurate, reliable, and robust method. Linear correlation data for the fortified samples at 15 concentrations from the LOD to the ULOQ are listed in Table II . Results for average recovery of samples fortified at the LLOQ (20 ng/mL or ng/g), high calibrator (200 ng/mL or ng/g), and ULOQ (2500 or 5000 ng/mL and 5000 ng/g) are listed in Table  III . Total imprecision is reported in Table IV . Within-run and between-run imprecision are reported in Tables V and VI, The slope of the line of the best least-squares fit was 1.002, the y-intercept was 6.077, and the correlation coefficient was 0.992.
Carryover was defined as being present if the analyte was observed at a concentration above the LOD in a blank preceded by a sample fortified at 100,000 ng/mL or ng/g and all qualitative criteria were met. No carryover was observed for any of the analytes.
Ion suppression was evaluated for each matrix by extracting a blank urine, plasma, and meconium sample and injecting the sample while infusing a sample containing all 13 analytes and internal standards. Figure 3 shows the total ion chromatograms (TIC) for an unextracted control (A) and the blank urine (B), plasma (C), and meconium (D) injected during infusion. All three specimen types showed very minimal ion suppression. None of the observed ion suppression caused a loss in sensitivity significant enough to interfere with accurate quantitation. The use of a deuterated internal standard for all 13 analytes compensates for the minimal ion suppression that occurs.
Previously accepted laboratory values for stability were accepted for this validation. Patient specimens were collected and frozen for analysis over the course of one year. Specimens stored at ambient temperature appeared to be stable for one week. Refrigerated urine specimens were stable for one month, serum/plasma for two weeks, and meconium specimens for three months. Frozen serum/plasma and meconium specimens were stable for one year, and frozen urine specimens were stable for three years. Stability of extracted samples in autosampler vials stored at 4°C was at least 72 h for all specimen types. The hydrolysis control, oxazepam glucuronide, was not available when the GC-MS method was developed. A hydrolysis control fortified to yield 50 ng/mL or ng/g after enzyme hydrolysis was included with each batch of samples. Average recovery was 46.9 ± 5.2 (93.9%) for urine (n = 50) and 50.2 ± 2.7 (100.4%) for meconium (n = 25). Two urine values were slightly high (115.6% and 116% recovery) and outside the range of two standard deviations, and one value was lower than two standard deviations with only 60.6% recovery. One meconium value was outside the range of two standard deviations at 111.8% recovery. Oxazepam glucuronide was determined to be an effective control to monitor the enzyme hydrolysis of the urine and meconium specimens.
Conclusions
A single method for the confirmation of 13 benzodiazepines in 3 specimen types was developed and validated. Calibrators prepared in urine were successfully used to quantitate the serum/plasma specimens. Accuracy and imprecision of fortified samples were ± 15% for urine and serum/plasma, and ± 20% for meconium. Results for 337 positive results (205 positive patient specimens) had good agreement with the previous inhouse GC-MS method or analysis by an outside laboratory using LC-MS-MS. A hydrolysis control demonstrated that enzyme hydrolysis averaged 94% complete for urine and 100% complete for meconium. Ion suppression study showing an unextracted control fortified at 100 ng/mL or ng/g of each analyte and 500 ng/mL or ng/g of each internal standard (A) and a blank urine (B), plasma (C), and meconium (D) sample injected while infusing a sample containing all of the analytes and internal standards.
